Objective: The objective of this retrospective review was to determine the utility of polysomnography (PSG) in influencing the decision to decannulate pediatric patients with brain and spinal cord injuries in an inpatient rehabilitation hospital setting. Decision to decannulate was determined with input from multiple disciplines.
evaluate dynamic airway factors during sleep when pharyngeal muscle tone is decreased and most vulnerable. 3, 4 PSG is commonly used in outpatient settings to examine the need for non-invasive ventilation in patients with neuromuscular disease and in titrating up and down respiratory support. 5 While there is some literature emerging on the utility of PSG in predicting successful decannulation in children, this prior research has focused primarily on patients with chronic lung disease of prematurity and those with craniofacial and airway anomalies. [6] [7] [8] Few studies have assessed the utility of PSG in predicting successful decannulation in pediatric patients with brain or spinal cord injuries in whom underlying neuromuscular weakness or airway hypotonia may complicate the ability to tolerate decannulation. 5, 9 In assessing readiness for decannulation, PSG may be able to identify subtle gas exchange abnormalities or evidence of respiratory insufficiency that would otherwise go undetected by alternative methods such as toleration of continuous tracheostomy capping and otolaryngology evaluation.
Tracheostomy decannulation is a common goal for children with brain and spinal cord injuries admitted to pediatric rehabilitation centers. In examining readiness to successfully tolerate decannulation prior to discharge, the Kennedy Krieger Institute (KKI) inpatient rehabilitation unit (Baltimore, MD) initiated a protocol of short periods of tracheostomy capping progressing to continuous tracheostomy capping, followed by overnight PSG performed with the tracheostomy capped. Following the PSG, the decision to decannulate is then made with input from pediatrics, pulmonology, otolaryngology, speech language pathology, and sleep medicine.
To determine the utility of overnight polysomnography (PSG) in influencing the decision to decannulate and/or success of decannulation to discharge from inpatient rehabilitation, we performed a was reported rather than 92%. If a patient had more than one sleep study performed, the first study that had adequate sleep time recorded was used in the data analysis.
| Timeline variables
Dates were collected for the following events: initial injury, tracheostomy, admission to KKI, capping initiation, 24-h toleration of capping, initial airway endoscopy, PSG, decannulation, and discharge from KKI. The amount of time from date of initial injury to each event was calculated for comparison.
| Statistics
Descriptive statistics were calculated for demographic, otolaryngology, PSG, and timeline variables with mean and ranges performed for continuous variables and percentages for categorical variables. Due to the small sample size of our study population, non-parametric statistics were utilized to evaluate differences between the successful and no decannulation groups, including the Wilcoxon signed rank test for continuous variables and the Fisher exact test for categorical variables. The level of statistical significance was considered to be P < 0.05.
| RESULTS
A total of 46 patients with tracheostomy underwent capped PSG during inpatient rehabilitation for the goal of decannulation between 2010 and 2016. Of these, 38 (83%) were deemed appropriate for decannulation based on input from pediatrics, pulmonology, otolaryngology, speech language pathology, and sleep medicine. Eight patients (17%) were deemed inappropriate and decannulation was not attempted during their inpatient rehabilitation stay. All patients deemed appropriate were successfully decannulated prior to discharge except for one patient who was scheduled for a planned neurosurgical intervention following discharge from rehabilitation. There were no complications following decannulation or requirement for replacement of tracheostomy tube in these patients during the inpatient rehabilitation stay.
| Patient demographics
There were no statistically significant differences in demographics factors between the successful decannulation and no decannulation groups. The mean age of the patient population studied was 13.6 years with 72% male and 28% female. Of the patients studied, 59% identified as white and 26% identified as African American, with 94% identifying as non-Hispanic. The mean BMI was 18.8 kg per square meter (kg/m 2 ).
Only one patient had a history of acute respiratory distress syndrome (ARDS), while no patients had a diagnosis of obstructive sleep apnea (OSA) prior to admission. Twenty percent of our population were on mechanical ventilation on admission, all of whom were eventually decannulated. No patients required supplemental oxygen at time of PSG. There was a trend toward a younger mean age in the no decannulation group compared to the successful decannulation group (10.4 vs 14.3 years), although this did not achieve statistical significance (P = 0.07) ( Table 1 ).
| Brain and spinal cord injury characteristics
Thirty-seven patients (80%) had an admission diagnosis of brain injury of which 25 (68%) were considered traumatic. The Ranchos Los
Amigos LCFS for patients with traumatic brain injury ranged from II (generalized response) to VII (appropriate and automatic), with the most common level being VII in 36% (n = 9) of patients. There were no statistically significant differences between our successful decannulation and no decannulation groups regarding brain injury diagnosis, etiology of injury, or stage of brain injury recovery (Table 2 ).
Fourteen patients (30%) had an admission diagnosis of spinal cord injury of which nine (64%) were considered traumatic. Spinal cord injury levels ranged from C1 to T2. Of the four patients with spinal cord injury who were not decannulated, three patients had a spinal cord injury level of C2 while one patient had a level of C5. There were no significant differences regarding diagnosis of spinal cord injury, etiology of injury, neurologic level of injury, or ASIA Impairment Scale (Table 2 ).
| Otolaryngology characteristics
Eighty-three percent (n = 38) of patients underwent airway endoscopy by otolaryngology. All of the patients (n = 8) in the no decannulation group underwent airway endoscopy compared to 79% (n = 30) in the successful decannulation group. Four patients (50%) in the unsuccessful decannulation group required additional endoscopic evaluation in the operating room compared to no patients in the successful group (P = < 0.01). Of those who underwent tracheoscopy, 61% (n = 23) of patients were evaluated prior to capping trials with no difference between groups.
There was a significantly higher percentage of suprastomal granuloma found on tracheoscopy in the no decannulation group compared to the successful decannulation group (50% vs 7%, P = 0.01).
Three of the four patients in the no decannulation group had granuloma removal performed in the operating room while the fourth patient had plans for future surgical intervention. For the two patients in the successful decannulation group with granuloma, one patient received medical management while the other had granulation tissue removal performed in the office setting.
Thirty-six of the 38 patients (95%) evaluated by otolaryngology underwent vocal cord assessment. Only one patient in the no decannulation group had abnormal vocal cord movement. No patients in either group were found to have tracheal stenosis. A majority of patients (83%) had tracheostomy tubes downsized during admission, which was not significant between groups (Table 3 ).
| Polysomnogram variables
The obstructive AHI was significantly higher in the no decannulation group compared to those who were successfully decannulated (5.4 vs 1.7 events/h) (P = 0.03). In addition, the no decannulation group had a significantly higher RDI of 7.6 events/h compared to those who were successfully decannulated at 2.4 events/h (P = 0.006). Peak end tidal CO 2 was also significantly higher in the no decannulation group compared to the successful decannulation group (58.7 vs 50.0 torr, P = 0.009). There was a trend towards higher percent total sleep time with SpO2 less than 92% in the no decannulation group compared to the successful decannulation group, however, this did not reach significance (3.4 vs 0.2%, P = 0.05). There were no significant differences between the groups for central apneas or oxygen nadir (Table 4 ).
| Timeline variables
There were no significant differences in the time from initial injury to selected events in the steps toward decannulation including tracheostomy, admission, capping initiation, toleration of 24-h capping, initial airway endoscopy, PSG, decannulation, and discharge (Table 5 ).
| DISCUSSION
Decannulation is an important step in the rehabilitation course of patients with tracheostomy who have suffered brain and spinal cord injuries. In this retrospective review, we analyzed findings on overnight PSG in patients tolerating continuous capping who were successfully decannulated during inpatient rehabilitation compared to those who were deemed inappropriate for decannulation based on sleep study
results. In addition, we examined the relationship between those who were successfully decannulated and patient demographics, etiology of injury, and otolaryngology findings.
We found that the PSG variables of RDI, obstructive AHI, and peak end tidal CO2 were associated with the decision to decannulate. The difference in RDI was largely driven by the obstructive AHI as the central apneas were similar between groups. Our findings are consistent with other studies [6] [7] [8] that have also demonstrated a significant relationship between absence of obstructive AHI and successful decannulation. Although there was a trend toward a higher percent total sleep time with SpO2 less than 92% in the no decannulation group (P = 0.05), there was no significant difference in oxygen nadir between the two groups. Our results suggest that overnight pulse oximetry monitoring alone may not be sufficient to detect underlying respiratory insufficiency in patients with capped tracheostomies. Given these findings, our study suggests that PSG In addition, we found that the decision to decannulate was associated with the presence of suprastomal granuloma discovered on airway endoscopy by otolaryngology. Granuloma formation is a common complication of long term tracheostomy 13, 14 and may preclude successful decannulation. Previously established guidelines suggest performing airway endoscopy in all pediatric patients being considered for decannulation to assess for airway patency and vocal fold mobility. 15 At our center, airway endoscopy is performed at the bedside or in the office setting, while the operating room is reserved for cases where the airway cannot be visualized adequately or if airway interventions are needed. In addition, young children may require airway endoscopy in the operating room as visualization and/or cooperation may be difficult in an office setting. Airway examination should ideally be performed prior to PSG to evaluate and treat any obvious structural abnormalities before assessing dynamic airway factors. Our findings support that endoscopic evaluation by otolaryngology is an important complimentary tool to PSG in assessing for decannulation readiness.
We did not find an association between successful decannulation and demographic factors, etiology of injury, injury characteristics, or timeline from initial injury to selected events, although there was a trend toward a younger mean age in the unsuccessful decannulation group. We did not look at the relationship between findings on imaging or Glasgow Coma Scale and decannulation, which has been reported in For five patients in the "Successful Decannulation" group, measurement was taken from peak transcutaneous CO2 rather than peak end tidal CO2. One patient in the "No Decannulation" group was missing data for peak end tidal CO 2 . b For three patients in the "No Decannulation" group and four patients in "Successful Decannulation" group, measurement was made for percent total sleep time in which SpO2 was <90%. other studies. [16] [17] [18] Given our small sample size, further studies are
needed to determine what demographic factors or factors related to underlying diagnosis may be associated with decannulation success as this could help to tailor decannulation protocols to specific patient populations.
Our data help to confirm the role of PSG as an integral component in the decannulation protocol utilized at our center ( Figure 1 ). The final decision regarding decannulation was based on the clinical judgment of the primary physician in conjunction with pulmonology, otolaryngology, sleep medicine, and speech language pathology and on information provided by the PSG. In patients who completed our protocol, 38 out of 46 (83%) were deemed appropriate for decannulation after PSG. There were no complications following decannulation in these patients prior to discharge. Our study has several limitations. It is a retrospective single center study of patients in a specialized inpatient rehabilitation unit with access to sleep medicine, pulmonology, and otolaryngology consultants as well as PSG. Our protocol may not translate to other centers where PSG is not offered or in outpatient situations where patients are not as closely monitored. We had a small sample size of only eight patients in our no decannulation group, which may have made it difficult to detect differences between groups. Another potential limitation to our study is that the physicians scoring the sleep studies
were not blinded to the team's clinical assessment of readiness for decannulation. We only included patients with tracheostomy who completed our entire protocol, including PSG. Those who were unable to be weaned off of mechanical ventilation, did not tolerate capping trials, or were deemed inappropriate by otolaryngology prior to PSG would not have been included in our study. Therefore, our success rate of 83% may not reflect the entire population of those with tracheostomy admitted to inpatient rehabilitation. All of the patients in our study who were decannulated were successfully discharged without further complications. However, we did not have long term follow-up to ensure that repeat tracheostomy or other airway interventions were not needed later.
In summary, we found that PSG provides important information regarding readiness for decannulation in patients with brain and spinal cord injuries undergoing inpatient rehabilitation who are unlikely to have premorbid airway or lung abnormalities. Toleration of continuous capping and bedside tracheoscopy by otolaryngology alone may not provide sufficient information as 8 out of 46 (17%) of our patients were discovered to have concerning findings on PSG which prevented attempts at decannulation. In particular, PSG parameters including RDI, obstructive AHI and maximum end tidal CO 2 were significantly associated with successful decannulation. Additional studies are needed to establish the optimal way to incorporate PSG into a decannulation protocol as well as long term follow-up strategies to evaluate continued success.
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